ABSTRACT: Variation in the chemical composition of fish otoliths has been used in recent years to address a range of ecological questions, including levels of stock mixing, variation in habitat use, and rates of larval exchange. While some of these questions have been answered with varying success, the degree to which discrete populations are connected via larval exchange remains unknown. To identify larval sources using natural variation in otolith chemistry, we must distinguish and measure the chemical composition of the otolith core, the portion of the otolith formed at the spawning site. Using laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS), we found that the core regions of otoliths from 6 different species of fishes were highly enriched in manganese (Mn), and elevated in magnesium (Mg) and barium (Ba), relative to adjacent regions of the otolith. These patterns were consistent for species drawn from different taxonomic groups, which inhabit temper ate and tropical regions, are found in marine and freshwater, and utilize a variety of spawning modes. Variation among species in Mn concentration in the core also corresponds to maternal investment, measured by egg size. These data suggest that core enrichment may be a general characteristic of otoliths, and that the chemical composition of the otolith core is fundamentally different from other regions of the otolith. The localized elemental enrichment of the core underscores the importance of methods that analyze the core region in small, discrete samples if otolith chemistry is used to address questions of larval exchange among populations. 
INTRODUCTION
clusively in the pelagic larval phase. The fate of these larvae -whether they survive and are retained near How connected are marine populations? This their parent population or are dispersed to other popu remains one of the fundamental unanswered questions lations -will strongly influence population dynamics in marine ecology. Many marine organisms have a and appropriate management strategies for exploited bipartite life cycle, with a short pelagic larval phase populations (Caley et al. 1996) . and a longer-lived, sedentary adult stage. For most orDespite its importance, rates of larval exchange ganisms with this life history, dispersal and the resultamong populations remain unknown for any species ing potential for population exchange occur exwith dispersive marine larvae, in part because of the difficulties in tracking small larvae that suffer ex tremely high rates of mortality. While early work assumed that marine populations were open and well mixed (Sale 1978 , Chesson & Warner 1981 , Roughgar den et al. 1985 , recent studies have provided evidence that larval retention may be common (Jones et al. 1999 , Swearer et al. 1999 , Cowen et al. 2000 , Barber et al. 2002 , Taylor & Hellberg 2003 . Currently, we lack spa tially explicit information on actual levels of larval exchange among populations for any marine species.
In order to measure rates of larval exchange among populations, a tag is needed that will allow the identi fication of larvae spawned at a given site. New appli cations of techniques in analytical chemistry coupled with environmental variability in the chemical compo sition of fish otoliths may provide the appropriate tools and tags with which to identify larval sources (Cam pana 1999 , Campana & Thorrold 2001 , and thereby allow us to measure larval exchange among popula tions. Otoliths are structures in the inner ears of fishes used for balance and hearing, which are composed of a calcium carbonate/protein matrix. Otolith growth occurs through the daily deposition of new layers throughout the life of the fish. Otoliths have 2 major advantages for use as natural chemical tags: (1) certain trace metals from seawater may be incorporated into the calcium carbonate matrix at levels that may be related to their ambient concentrations in the water and ambient temperatures (Fowler et al. 1995 , Thor rold et al. 1997 , Campana 1999 , Bath et al. 2000 , Milton & Chenery 2001b , Elsdon & Gillanders 2003a , and (2) otoliths are metabolically inert, such that once a layer of otolith material is deposited, it represents a permanent record of the environmental conditions experienced by that fish at a particular time (Mugiya et al. 1991 , Campana & Thorrold 2001 .
If the waters surrounding source populations differ in their environmental characteristics (such as water chemistry or temperature), these differences may be permanently recorded in the otoliths of fish from these different populations. To quantify these records and address a number of questions in marine ecology, researchers have utilized inductively coupled plasma mass spectrometry (ICPMS) (Campana 1999 , Cam pana & Thorrold 2001 . This approach has been used to differentiate among spawning stocks (Edmonds et al. 1991 , Milton & Chenery 2001a , Rooker et al. 2001 , identify individuals that uti lized different nursery habitats , Forrester & Swearer 2002 , Gillanders 2002 , and discriminate between dispersed and retained lar vae (Swearer et al. 1999) . However, to determine the natal site of an individual, the site where a given larva was spawned, 2 pieces of information are required: (1) a spatial atlas of otolith chemical signatures at natal sites, ideally generated using otoliths of near-term eggs or recently hatched larvae from multiple discrete sites prior to dispersal, and (2) the ability to measure that natal chemical signature from post-larval recruits. Emerging research suggests that proxies for natal chemical signature, such as water samples, do not accurately reflect natal chemical signatures taken from pre-pelagic larvae (Warner et al. in press ). For species with pelagic larvae, the spatial atlas of the natal chem ical signature will therefore require collections of natal otoliths themselves.
With the application of laser ablation ICPMS (LA-ICPMS), it is possible to target and sample the chemical composition of the otolith core specifically (i.e. the portion representing the natal site) and quan tify the natal chemical signature of individuals enter ing a population following the dispersive larval phase. Ideally, comparisons of chemical signatures from natal otoliths and the natal portion of recruit otoliths will enable investigators to identify the natal sites of indi vidual fish and thereby measure population connectiv ity. Using a similar approach, Thorrold et al. (2001) successfully determined rates of natal homing in the estuarine-spawning weakfish Cynoscion regalis. Weakfish are a particularly good model system for otolith chemistry because newly hatched fry spend up to several months in their natal estuaries that often dif fer dramatically in their chemical composition (Thor rold et al. 1998) . The portion of the otolith formed in the natal estuary is therefore quite large. However, in most species with pelagic larvae, the natal portion of the otolith is usually no larger than 50 µm and often much smaller (R. W. Warner et al. unpubl. data) . The natal portion of the otolith ultimately forms the core of the otolith as the fish grows. Accurate measurement of the chemical composition of the core in post-settlement fish is essential for the successful application of these techniques to species with pelagic larvae.
However, measuring the chemical composition of otolith cores of post-settlement fish is not a trivial task, in part because the core itself is quite small and imbedded in a 3-dimensional matrix of calcium carbonate. There fore, it is important to ensure that the core has been sampled. In a recent study, Brophy et al. (2004) reported elevated levels of manganese (Mn) in otolith cores relative to non-core regions of the otolith in 2 species of clupeids from the North Sea, but they found no spatial structure associated with Mn. They suggested that while Mn levels may not be useful for discriminating natal sites, an increase in Mn might serve as an indicator of the core, allowing measurement of other, more informative elements in the natal portion of the otolith.
The objectives of this study were to determine if a core-specific elemental signature exists that can be used to locate the exact position of the core within the otolith, and to describe its chemical composition. We report on elevated levels not only of Mn, but also of barium (Ba) and magnesium (Mg) in putative otolith cores relative to adjacent regions of the otolith of new recruits of 6 different species of fishes. The species we sampled are native to temperate and tropical regions in both freshwater and marine environments. They were drawn from 5 different families in 3 orders, including both pelagic and demersal spawners. We found that these patterns of elevated core concentra tions of trace metals are qualitatively similar in all spe cies. As such, elevated otolith core concentrations of trace metals may be common in many fish species and should improve our ability to identify the cores of otoliths and ultimately use otolith chemistry as a tool to track patterns of larval retention and larval dispersal.
MATERIALS AND METHODS
Study systems, study species and collections. We made collections of newly settled or juvenile fish from a number of locations around the world, including New Zealand, the US Pacific coast, the Red Sea, the Galápagos Islands, and St. Croix, US Virgin Islands (Table 1 ). Our species covered a variety of spawning strategies, including demersal brooders, ovoviviparous brooders, riparian demersal spawners, and pelagic spawners (Table 1) . Divers collected fish in situ using hand nets. Newly settled juveniles of Sebastes atro virens were collected from the kelp canopy in central and southern California, USA. New recruits of Oxy lebius pictus, Dascyllus marginatus, Stegastes beebei, and Thalassoma bifasciatum were collected from shal low reefs in southern California, the Red Sea, the Galá pagos Islands, and St. Croix, respectively. Post-larval juveniles of Galaxias maculatus, the only species we examined that spawns in freshwater, were collected af ter reentering rivers on the west coast of New Zealand.
Immediately after capture, all individuals were frozen, with the exception of Dascyllus marginatus from the Red Sea and Stegastes beebei from the Galá pagos, which were stored in 95 % ethanol. Results of previous work are equivocal on the impact of storage method on the chemical composition of otoliths (Milton & Chenery 1998 , Brophy et al. 2003 , Hedges et al. 2004 ). However, storage method was consistent within each species (i.e. either frozen or in ethanol). Because our primary interest lies in examining similarities among intraspecific patterns, storage method should not affect our overall conclusions. Both sagittal otoliths were subsequently removed, cleaned of adhering tissue, and stored dry.
Otolith preparation and analysis. One sagitta from each individual was mounted sulcal side up on plastic slides using low-viscosity epoxy resin (Epo-Thin epoxy resin, Buehler). To expose inner growth layers for analysis, sagittae were polished to within 5 to 25 µm of the core using a lapping wheel and 9 and 3 µm 3M ® diamond polishing film. We chose to leave at least 5 µm between the polished surface and the core to ensure that the core was not removed during preabla tion procedures and that we were able to sample all material associated with the core. After polishing, we located the core of each otolith visually and measured the distance between the polished surface and the core (in microns) using a calibrated z-axis on a compound microscope at 400×. To remove contaminants and pro teins from the otolith surface prior to analysis, sagittae were rinsed in ultra-pure water (N-pure, resistivity >18.1 MΩ), soaked in semiconductor grade 15 % H 2 O 2 buffered with Suprapur NaOH (0.05 N) in acidleached plastic trays for 1 h, rinsed again in N-pure, soaked and sonicated 3 times in N-pure for 5 min, rinsed a final time with N-pure, and air dried in a class 100 flow bench.
We used a Finnegan MAT Element 2-sector field ICPMS and a VG-UV microprobe Nd:YAG 266 nm laser ablation system for chemical analysis. The laser ablation system was outfitted with a helium aerosol carrier gas system in order to increase sensitivity through enhanced production and transfer of ablated particles to the ICPMS (Swearer 2000 , Zacherl et al. 2003 . Otoliths were placed in the sample cell, and the core was located using a 400× objective and a video imaging system (see Swearer 2000 for more details). For the purposes of this study, we define the otolith core as the otolith primordium and other otolith mater- Ba in medium res olution mode (R = 3000). Molar ratios of analyte to Ca were calculated using the ratio of each isotope to 48 Ca and an elemental mass bias-correction calculated from calibration standards with known analyte-to-Ca ratios. After analysis, we identified the core of each otolith using elevated concentrations of Mn as a proxy; in most cases, we found 1 pit which had levels of Mn that were 6 to 10 times higher than those surrounding it. It was necessary to use a proxy to identify the core because once ablation began the ablation crater obscured the core visually. Furthermore, each ablation removed variable amounts of material, making it impossible to determine visually which pit corre sponded to the core. We calculated the mean of each element in the 3 pits immediately pre ceding and the 3 pits immediately fol-
RESULTS
We considered a sample to have a spike in Mn if the concentration of Mn in a given pit was increased by at least a factor of 3 over the previous pits. We chose a factor of 3 as our cutoff to define the Mn spike because the few samples that had multiple Mn spikes never had a single pit the value of which was 3-fold greater than the previous pits. We detected a Mn spike in many, but not all of the otoliths cores we examined. Detection of a Mn spike ranged from 77 to 95 % of otoliths sampled for a given species (Table 2) .
To test if the Mn spike corresponded to the core, we plotted the pit number of the putative core (i.e. the pit number in the sequential vertical transect that con tained the Mn spike) against the precisely measured distance between the polished surface of the otolith and the core, located and measured visually before ablation using the calibrated z-axis of a compound microscope. We found positive relationships between the pit corresponding to the Mn spike and the distance to the core for all species (Table 2 , Fig. 1) ; the regres sion for Stegastes beebei in Galápagos was marginally significant (p = 0.05), it was significant for Oxylebius pictus and Sebastes atrovirens in California (p = 0.02 for both species), and it was highly significant for all other species (p < 0.0001). Because the number of pits required to reach the putative core increased with measured distance to the core for all 6 species, we are confident that the observed Mn spike corresponds with ablation of the otolith core.
Once we identified the core using the Mn spike, we compared the concentration of all other elements (Mg, Sr, Ba) among pre-core, core, and post-core pits within each species/region. Trends in differences among pit types for Mg and Ba were fairly consistent across all species in all locations. In general, Mg and Ba were elevated in the core relative to pre-core and post-core means, and post-core means were higher than precore means (Table 3 , Fig. 2 ). Core concentrations of Mg were significantly higher than pre-core values for lowing this putative core in the verti- Table 2 . Species, sample sizes, percentage of samples that had a Mn spike, and cal transect. We define the pits statistics for the regressions between measured distance to the core and pit number of the putative core immediately preceding the putative core in the vertical transect as 'pre core' pits and those immediately fol lowing the core in the transect as 'post-core.' We used ANOVA to exam ine differences among pit types (pre core, core, and post-core), blocked by sample number, for each element. Data were ln transformed when nec essary to improve normality. Pit number at core Fig. 1 . Regressions of the measured distance from the polished surface of the otolith to the core (in µm) versus the pit number of the putative core. Each plot contains data for a single species. See Table 2 for regression statistics all species, and core values were higher than post-core values for all species except Oxylebius pictus and Ste gastes beebei. Post-core concentrations of Mg were also greater than pre-core concentrations for all spe cies except Sebastes atrovirens. Core concentrations for Ba were significantly higher than pre-core concen trations for all species except O. pictus. Post-core means for Ba were also lower than core values, but in most cases these differences were not statistically sig nificant. In addition, post-core values for Ba were sig nificantly greater than pre-core values for all species except O. pictus. Trends for Sr were less clear. In 3 species (Galaxias maculatus, O. pictus, S. atrovirens), Sr concentrations decreased significantly from precore pits to the core. Sr concentrations increased from pre-core pits to the core in the 3 remaining species, but were significant only for S. beebei. Since we identified the core based on a spike in Mn, statistical analyses between core values and either pre-core or post-core values for this element are invalid. However, it is inter esting that like Mg and Ba, post-core concentrations of Mn were higher than pre-core concentrations.
DISCUSSION
The ability to sample the natal portion of the otolith accurately is critical if we are to use natural chemical markers and otolith chemistry to provide information on larval exchange among populations. Our data demonstrate that a number of elements appear to be more concentrated in the cores of otoliths than in immediately adjacent regions of the otolith. These data confirm the preliminary findings of Brophy et al. (2004) that Mn is highly enriched in the core of clu peid otoliths. We extend these findings to include not only Mn, but Mg and Ba as well, and demonstrate that trace metal enrichment of otolith cores occurs in a variety of fish species worldwide with different modes of reproduction and from different habitats. We found a Mn spike in the putative core region of 77 to 95 % of otoliths examined for each species. In nearly all cases where elevated levels of Mn were not detected, we polished close to the actual core (< 5 µm) and may have unintentionally ablated the core in pre-ablation procedures, or the core region was cracked or other wise difficult to conclusively identify using the optics of the laser ablation system before ablation began and we may have ablated non-core material.
Furthermore, our data confirm that the Mn spike we used as a proxy for the core does in fact corre spond to the core. We found a positive relationship between distance from the polished surface of the otolith to the otolith core and the number of pits required to reach the core for all species. For 3 of our species (with the smallest post-settlement otoliths), this relationship was highly significant (p < 0.0001); the 3 species for which this relationship was weaker (0.02 < p < 0.05) had the largest post-settlement otoliths. Larger otoliths diffuse more of the trans mitted light used to visually measure core depth, decreasing the precision of these measurements. Increased measurement error of the depth of the core for these species may have partially obscured the relationship between pit number at the core and measured core depth.
In addition, variation in amount of material ablated with transect depth could also weaken this relation ship. We noted a significant decrease in raw Ca counts, a proxy for material ablated, with increasing pit num ber (and therefore transect depth) for otoliths of all species except Thalassoma bifasciatum. The energy profile of the laser and the subsequent amount of material ablated in each pit may have decreased with depth, since we did not refocus the laser as transect depth increased. It is also possible that some isotopic fractionation may have occurred as transect depth increased. However, neither decreasing amounts of material ablated nor isotopic fractionation could create the patterns of elemental concentrations we observed among pre-core, core, and post-core pits.
For most elements in most species, concentrations in post-core pits were higher than those in pre-core pits and equal to those in the core in many cases. We attribute the relatively high elemental concentrations in post-core pits to residual material from the core. Some material ablated by the laser may remain in the pit, especially as pits become deeper. Remnant core material partially ablated but not removed as the core is ablated may be remobilized with subsequent abla tions, elevating the measured concentrations in postcore pits.
Ultimately, techniques in otolith chemistry are only useful in addressing questions of larval connectivity if there is spatial variation in the chemistry of the core. This variation would necessarily result from differ ences in the environmental conditions at potential source areas; that is, variation in the chemistry of otolith cores would have to be in some way environ mentally driven. A number of studies have found that concentrations of some trace metals in otoliths vary with ambient concentrations (Bath et al. 2000 , Milton & Chenery 2001b , Elsdon & Gillanders 2003b . How ever, none of these studies have examined uptake of trace metals at the core. It is unlikely that the dra matic increases in elemental concentrations at the core that we observe are directly related to ambient concentrations, but are instead at least in part ontoge netically driven. In their initial report of Mn enrich ment in otolith cores, Brophy et al. (2004) suggest that increased Mn concentrations at the cores have little or no environmental component and that Mn therefore is primarily useful in detecting the core, not discriminat ing different source areas. In a study of geographical variation in trace element concentrations in natal otoliths of Sebastes atrovirens, Warner et al. (in press) found that Mg, Mn, and Ba were present in higher concentrations in natal otoliths than in adult otoliths from the same sites. Interestingly, only Mn showed environmental variation that was similar to that seen in seawater. Trends in our species-level data also suggest that ontogenetic shifts and maternal effects may influence the levels of Mn in the otolith core. Increasing mater nal investment (e.g. egg size) may lead to increases in core concentration, at least for some elements. Mean Mn core concentrations for our single pelagic spawner (Thalassoma bifasciatum), with the smallest egg size (~0.5 mm), are low, usually < 25 µmol mol -1 Ca. Mean core Mn concentration for most of our demersal spawners, with moderate egg sizes (0.7 to 1.2 mm), are between 65 and 225 µmol mol -1 Ca. Mean Mn core concentration for Galaxias maculatus, with the largest eggs (~1.3 mm), is nearly 1000 µmol mol -1 Ca. To quantify this relationship, we regressed egg size versus mean core concentration of Mn for each spe cies and found a weak but positive relationship (F = 7.26, p = 0.054, R 2 = 0.645). However, there is no trend in core concentration versus egg size for any other element in our data set. Other emerging research has also found that maternal effects on the chemical com position of natal otoliths may be much stronger than previously expected (S. Thorrold pers. comm. and unpubl. data) . If the chemical composition of otolith cores were not at all under environmental control, but were instead influenced by other factors, such as maternal investment, it would be virtually impossible to use otolith chemistry to identify natal sites of recruits. However, Warner et al. (in press) found sig nificant spatial variation in chemical signatures of pre-natal otoliths collected from 3 different sites, sug gesting that chemistry of the otolith cores is at least partly influenced by environment. Still, whether such environmental influences are direct or, in turn, medi ated by other factors such as maternal investment are unknown.
The mechanism driving elevated elemental concen trations in otolith cores is also unknown. The enrich ment of Mn at the core suggests that this element may be important in processes related to the formation or initial growth of the otolith. Previous research has suggested that initial calcification of the otolith core may require relatively large amounts of protein (Zhang & Runham 1992 , Murayama et al. 2004 , and other work has found that Ca concentration may be lower in the center of the otolith as compared to the edge (e.g. Dove et al. 1996) . Increased concentrations of protein and lower concentrations of Ca could result in high relative concentrations of trace metals if these elements are found in proteins in addition to the cal cium carbonate matrix. Elements that replace Ca in the calcium carbonate matrix as their primary inclu sion method into the otolith, such as Sr (Campana 1999) , might show little or no change in concentration between the core and adjacent regions of the otolith, as we observe in our data for Sr. However, at present we do not have information about whether Mn or any other elements are associated with proteins that are important in initial nucleation and growth of the otolith. Still, the fact that other elements are also ele vated, albeit not as dramatically as Mn, confirms that the chemistry of the core is fundamentally different from that of other parts of the otolith and that other parts of the otolith (e.g. edges) are not good proxies for the concentration of the core. Therefore, it appears that we will not be able to use non-core portions of the otolith as surrogates for the core in studies exam ining questions of larval dispersal.
In summary, we demonstrate that 3 trace metals, Mg, Mn, and Ba, are enriched in the cores of fish otoliths. These patterns are consistent for 6 different species of fishes from a variety of taxonomic groups and envi ronments worldwide. We confirm the findings of Bro phy et al. (2004) that Mn may serve as an indicator of the otolith core. Our data suggest that maternal effects on the chemical composition of the core may be quite strong, and, while other recent work sug gests that core chemistry appears to have at least a certain environmental component, the relative contri butions of maternal and environmental influences remain unknown. The high localized spikes of Mn we observed in otolith cores underscore the need to ana lyze the area at the core in small, discrete samples. Our method of ablating successive small individual pits to reach the core is designed to sample a very small area and yet may still be incorporating non-core material, diluting the true concentration of elements at the core. Other methods that sample even more material or continuously sample the core may further dilute or miss the core entirely. We suggest that meth ods and technologies should be utilized to resolve small, discrete regions of the otolith, sampling mater ial exclusively from the 20 to 30 mm diameter core region. Ultimately, we must be able to measure the chemical composition of otolith cores of post-settle ment individuals if we are to apply methods in otolith chemistry to questions of larval dispersal.
